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gunshots, standard practice in police departments worldwide have some physical limitations. For instance, the
effect of gravity and air drag on trajectories of blood droplets are neglected using current reconstruction
methods, which results in a well-known overestimation of the height of the source of blood. As a consequence,
more sophisticated models for blood spatter trajectory reconstruction are being developed, two of which are
highlighted in the present work. They allow the prediction of bloodstain patterns produced from backward
spattered blood droplets from blunt and sharp bullets. Our recent models attribute the splashing of blood to
the Rayleigh-Taylor instability which arises when blood is accelerated towards lighter air. This physically-
based description comes with the powerful predictive capability to correlate features of bloodstain patterns
with the specific bullet and gun that produced them, as well as with the body position. The results of the
numerical models were compared with four experiments simulating blood spatter deposition on a vertical wall
through the number of stains produced, average stain area, and average impact angle at the surface, and the
agreement found is fairly good. Moreover, further insight is obtained by probing and explaining the influence
of observable parameters on the resulting spatter pattern, with the goal of aiding BPA experts evaluating a
crime scene.
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Highlights 
 Two models for backward blood spatter due to a bullet are highlighted 
 Blood droplets are attributed to the Rayleigh-Taylor instability 
 Numerical results are compared with experimental gunshot datasets 
 Statistics are applied to aid in the understanding of blood spatter phenomena 
 
Abstract 
 Bloodstain pattern analysis (BPA) is an integral part of crime scene investigation. For 
violent crimes involving gunshots, standard practice in police departments worldwide have some 
physical limitations. For instance, the effect of gravity and air drag on trajectories of blood 
droplets are neglected using current reconstruction methods, which results in a well-known 
overestimation of the height of the source of blood. As a consequence, more sophisticated 
models for blood spatter trajectory reconstruction are being developed, two of which are 
highlighted in the present work. They allow the prediction of bloodstain patterns produced from 
backward spattered blood droplets from blunt and sharp bullets. Our recent models attribute the 
splashing of blood to the Rayleigh-Taylor instability which arises when blood is accelerated 
towards lighter air. This physically-based description comes with the powerful predictive 













produced them, as well as with the body position. The results of the numerical models were 
compared with four experiments simulating blood spatter deposition on a vertical wall through 
the number of stains produced, average stain area, and average impact angle at the surface, and 
the agreement found is fairly good. Moreover, further insight is obtained by probing and 
explaining the influence of observable parameters on the resulting spatter pattern, with the goal 
of aiding BPA experts evaluating a crime scene. 
 
I. Introduction 
 Bloodstain pattern analysis (BPA) is the inspection of blood spatter patterns which were 
produced due to violent crimes [1]. The goal of BPA is to provide answers to questions arising 
from the scene of a violent crime such as what caused these patterns. Determination of the region 
of origin of the blood spatter is expected from the BPA community [2], however, current 
techniques lack a fundamental basis in fluid mechanics [3]. Namely, the method of strings, or the 
trigonometric method, which has been in use since as early as the 1950’s [4] and is implemented 
in widely distributed software [5-9], neglects physical realities such as gravity and air drag [2]. 
Understandably, this results in significant well-established errors [10, 11], for example, there can 
be a 50% overestimation of the height of the region of origin [12]. Moreover, the widely used 
formula for the determination of the impact angle of a blood droplet, sin W / L   [13], where 
W is the width of the stain and L is the length, has major flaws since the values of sine of the 
impact angle are practically indistinguishable between 75° and 90°. Namely, they vary from 0.97 
for 75° and 1 for 90°, and is the reason that standard BPA practice encourages stains with impact 













 Adding to the difficulty of an accurate reconstruction model of blood spatter patterns is 
the rheological complexity of blood. Blood is a non-Newtonian, shear thinning [14-16] complex 
aqueous solution containing various cells and proteins in plasma, and begins to coagulate as soon 
as it is outside of the human body [17, 18]. Moreover, its rheological behavior depends on the 
hematocrit [14, 19], it exhibits viscoelasticity [16, 19-21] and possesses a yield stress [22]. This 
rheological behavior is important in crime scene reconstruction because it can affect the 
atomization process [23-26], which is diminished in liquids which exhibit viscoelastic properties 
[26-28]. Resultant droplet sizes are also influenced by these effects [29-34] as well as their final 
impact on surfaces [31, 35, 36]. Additionally, blood droplets are spattered at body temperature 
and often are subject in flight to air at a different temperature, the effects of which have been 
investigated [37], but never in the context of BPA. 
With some of these challenges in mind, several models have been developed to attempt to 
better recreate crime scenes. Including the effect of drag via a probabilistic approach was 
proposed in [38, 39]. Further still, in [40], both gravity and air drag were accounted for which 
allowed for the region of origin of the bloodstains to be determined with about four times the 
accuracy over the method of strings. However, these methods do not explain and consider how 
blood droplets form due to a gunshot. Rather, they take existing bloodstain patterns and 
reconstruct blood droplet trajectories without considering the physical causes of droplet 
formation. This was mitigated in [41] and [42] by linking the resultant backward flow field of 
blood from a bullet impact to the Rayleigh-Taylor instability, and then, to the droplet formation 
and trajectories, determined by gravity, air drag, and droplet-droplet aerodynamic interactions. 
The Rayleigh-Taylor instability arises when denser blood is accelerating towards lighter air [43], 













resulting from blood droplets in the direction of bullet motion, i.e. forward spatter, was explored 
in detail and shown to be fundamentally different from backward spatter [44, 45]. 
 In the present work, the experimental investigations of [41] and [42] were expanded upon 
and directly compared with their respective predictive models. Moreover, the models are utilized 
to offer further insight by predicting the locations of the stain area corresponding to a 50% 
cumulative distribution and the geometric centroid of the stains as a function of distance to 
impingement. The experiments are described in Sec. II, a brief overview of the predictive models 
is given in Sec. III along with the comparison with the data and further insights, and finally, 
conclusions are drawn in Sec. IV.  
 
II. Experimental Investigations 
The experiments in this paper are a subset of an open source data set of high-resolution 
(600 DPI) scanned images of blood spatter from a gunshot [46]. There, the experimental 
conditions are described in detail, and allows the forensic science community to test their models 
on publicly available data. Backward spattered blood droplets due to a gunshot were created at 
the Izaak Walton League Park indoor shooting range in Ames, Iowa, USA. While the indoor 
shooting range provided quiescent air for the experiments, the environmental conditions varied 
with the time of the year of the specific experiments.  Relative humidity was measured between 
44% and 76%, with a precision of 5 %  and room temperature was between 14.5 and 23.5 
o C . 
The rifle used was a .223 cal Rock River Arms, LAR-15 16” barrel M-4, fit with a Yanki YHM 
Phantom 223 suppressor firing two different types of bullets, one hollow point, and the other full 













grain BLC-2 powder, and Winchester Small Rifle Primer. The full metal jacket bullet was a 5.56 
mm caliber Federal Ammunition XM193 with a mass of 55 grain.  The velocity of the hollow 
point bullet was measured with a chronograph as 897 m/s, and the full metal jacket bullet was 
measured to be 922 m/s. 
The bullets were shot at either a closed hollow cavity or polyurethane foam sheet filled 
with 10-13 mL of swine blood. For the experiments conducted with the soaked foam target, the 
blood was anticoagulated with ACD and had 41% hematocrit. The temperature of the blood 
injected into the foam was 
o35 2 C . For the experiments where blood was contained in a closed 
hollow cavity, the blood was used at room temperature and anticoagulated with heparin and had 
38-39% hematocrit. In each case, the blood was drawn two days before the experiment was 
conducted. A schematic of the experimental setup is depicted in Fig. 1. 
 
Having in mind the effect of expanding muzzle gases interacting with blood droplets in 
flight [47], the experimental setup was designed such that the bullet penetrated through a sheet of 
cardstock which acted as a diffuser to obstruct the muzzle gases from travelling downstream. 
The substrate which was impacted by the blood droplets was smooth cardstock.  
 
III. Predictive Models 
The impact phenomenon of a bullet in which the backward spatter of blood results from 
is a short-term event. Given a bullet penetration depth of h 1 cm , and a bullet impact velocity 













over the viscous ones. The strong, short-term impact of a blunt bullet results in an almost 
instantaneous pressure field which generates backward flow in the framework of potential 
impulsive flow hydrodynamics with pressure being the potential [48-50]. For a Newtonian 
viscous liquid, such an impulsive irrotational potential impact flow sets in when the 
dimensionless group  u / Lp 1   , where μ is the viscosity, u is the fluid velocity (in the flow 
starting from rest), p is the pressure acting on fluid, and L is the characteristic length scale. On 
the other hand, penetration of a sharp bullet proceeds under dominant inertial forces, and thus, is 
potential in the ordinary hydrodynamic sense. The latter case corresponds to the seminal Wagner 
problem [50, 51].  Potential flows are irrotational and remain as such for the entire duration of 
the aforementioned flows under the conditions of Kelvin’s Circulation Theorem [48-50]. 
Accordingly, the methods developed to predict backward splashed blood flow resulting 
from sharp [41] and blunt bullets [42] are based on their corresponding incompressible potential 
flows which satisfy the Laplace equation with appropriate boundary conditions. A diagram of the 
two cases with their variable definitions is shown in Fig. 2. 
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where a is the radius of the edge of the blunt bullet, r is the radial coordinate with the origin at 
the axis of symmetry, and c a dimensionless factor associated with the time scale of the 
impulsive motion [42].  
The factor c is dictated by the time scale of impulsive motion [42] which is a function of 
the impact velocity of the bullet. However, this factor most likely does not drastically change 
from bullet to bullet, even though their impact velocities may be drastically different. The reason 
for this is that the timescale of impact phenomena with a bullet is very short, regardless of the 
bullet type.  
For the initial moments of penetration of a sharp bullet, the initial velocity and 












 ,                                                                                                                                     (4) 
where  is the semi-angle of the bullet generatrix, and h is the depth of bullet penetration which 
is a function of the time since impact, t. Note that the depth of bullet penetration h can be 
predicted as a function of time t, for example, using Eqs. (17) and (18) from [41]. 
 Equations (2) and (4) describe the acceleration of denser blood at the free surface towards 
lighter air. Such a situation is inherently unstable and results in the Rayleigh-Taylor instability 
[43]. This instability results in the characteristic droplet sizes, *l , issued backward from the free 





















l ,                                                                                                                        (5) 
where  is the density of the blood (1060 kg/m3 [16]),  is its surface tension (60.45 mN/m 
[16]), and w is a dimensionless factor. A possible variation of the density and surface tension 
with temperature is not included in the models discussed here, because for liquids, surface 
tension variation in a reasonable temperature interval is not large, and, moreover, surface tension 
σ enters Eq. (5) as   , which minimizes the effect of temperature even further. The density 
variation with temperature is practically insignificant.  
 The Rayleigh-Taylor instability links the flow field of blood in the target splashed 
backward by a gunshot to the generation of individual droplets, a link which common BPA 
techniques such as the method of strings, do not contain. This makes the aforementioned models 
[41, 42] physical in nature, i.e. linking the blood spatter pattern to the bullet shape and the 
gunshot parameters. Note also that in [42], the spray angle of blood droplets from the target with 
respect to the axis of the bullet was predicted to be 13° using the hydrodynamic theory of 
turbulent submerged jets. 
 The splashed blood droplet trajectories are predicted by models [41, 42] using 
momentum balance equations accounting for the effects of gravity and air drag affected by 
droplet-droplet aerodynamic interactions (the latter being a collective effect). This collective 
effect stems from the entrainment of air by the leading droplets, the aerodynamic wake of which 
diminishes air drag on the subsequent droplets and can even accelerate them, as shown in [52] 
and highlighted in Fig. 3. This is similar to a flock of geese flying in V-formation where the 













others. Eventually, the leading goose will be switched to a position in the back of the formation 
and this results in a flock which can fly further [53]. The bullet used to create the velocity history 
plot of Fig. 3 closely resembles a sharp one and as such can help further validate the framework 
of the models. The range of initial velocities predicted with Eq. (3) is superimposed on Fig. 3 and 
shows that the calculated values are appropriate. Furthermore, the data used in  Fig. 3 allows for 
an average 2D area to be found from the droplets which experimentally was 0.084 mm2, whereas 
assuming a circular area with the diameter calculated in Eq. (5), the theory predicts an average 
droplet area of 0.079 mm2.   
 
For the simulation of the backward spatter of blood on a vertical wall (cf. Fig. 1), the 
cardstock target was discretized into 10 even rings spanning the minimum and maximum radial 
distances from the bullet penetration hole. The median distance of each ring from the center of 
the hole is R. For the number of stains, the stains in each ring were added together, for the stain 
area and impact angle, they were averaged in each ring. Comparisons of the predicted and 
measured number of stains resulting from the sharp and blunt bullets are shown in Fig. 4.  
 
The resultant stain area, S, is a function of the droplet final velocity and size, which is 
amplified on impact according to the spread factor [29, 54, 55], as well as the final impact angle, 






















where  is the droplet spread factor calculated with the Reynolds number of the impacting blood 
droplet at high shear rates, 
Shear 5 mPa s    [16]. Specifically, the original droplet velocity and 
size are predicted from Eqs. (3) and (5), respectively. After that, the trajectories are calculated as 
described in [42], and then, the spreading factor  is found from Eq. (29) in [42]. 
For the same conditions as in Fig. 4, a comparison of the theoretical predictions with the 
experimental data for the average stain area (it should be emphasized that this is averaged in each 
ring) is shown in Fig. 5. 
 
The average impact angles predicted and measured under the same conditions as in Figs. 
4 and 5 are shown in Fig. 6. 
 
The two predictive models of backward spatter of blood [41, 42] can offer further insight 
to better understand various physical scenarios which BPA experts can use to quantitatively 
analyze crime scenes. Applying both models with the same parameters fitted to the experiments 
used in Figs. 4-6 and changing the distance between the blood source and the vertical cardstock 
target from 25-250 cm in steps of 25 cm, allows for cross-sections of the evolution of the blood 
droplet spray to be seen. The cumulative stained area was plotted as a function of the area of the 
stains in the spatter, a statistical concept that has been found useful to describe beating spatters 
[56]. Then, the value corresponding to 50% of the cumulative distribution, denoted as A50 and 














The best fit lines of Fig. 7 are useful for interpolating distance between those at which 
data points were taken. An appropriate fit was created with the equation, 
exp( ) 1
50 0A (A B)e
    ,                                                                                                             (7) 
where  Z C / D    and the values of the parameters are listed in Table II. 
 
It is interesting to note that in Fig. 7, the sharp bullet produces larger droplets and at 
closer vertical deposition distances than its blunt bullet counterpart. The prediction from the 
numerical simulations in Fig. 7 that A50 reaches a maximum at an intermediate distance between 
blood source and vertical target spatter was tested against a series of gunshot backspatter 
experiments from [46]. As Fig. 8 shows, both experiments and numerical simulations show a 
comparable maximum for A50 at a distance of about 75-90 cm. This agreement between 
experiments and numerical simulations is a sign that the developed model captures the relevant 
fluid dynamics. Moreover, it opens a path towards quantitative crime scene reconstruction of the 
relative position of the blood source and the spatter based on a statistical examination of the 
stains.  
 
The A50 value for each vertical deposition distance acts as a border between the small and 
large droplets. The geometric centroids, CY, of those less than or equal to this value as compared 
to those larger than A50, can help facilitate a qualitative analysis performed by BPA experts on 













Plotting the lowest bounded centroid (from droplets 
50A ) and the highest bounded centroid 
(from droplets 
50A ) as a function of the vertical deposition distance is seen in Fig. 9.  
 
 Note that 
YC  becomes the same and equal to approximately 60 cm for both bullet types 
after a certain distance. The best fit lines of Fig. 8 were found based off of the average of the two 
centroids and a good fit was found with a simple exponential decay function 
0Y
GZC C Fe  ,                                                                                                                           (8) 
where the parameters are shown in Table III.  
 
IV. Conclusion 
 A series of experiments were conducted by the present group and the resultant 
experimental images with the raw data deposited in [46]. Four of those sets of experimental data 
were chosen and compared with the physically based models for sharp [41], and blunt bullets 
[42]. These models predict that the Rayleigh-Taylor instability is responsible for blood droplet 
formation in backward spatter and their initial size distribution. The velocity and acceleration 
distribution in blood in the target are found solving the corresponding fluid mechanical problem, 
thus allowing for the prediction of the resulting trajectories of the droplets accounting for 
gravity, air drag and droplet-droplet aerodynamic interactions. The number of stains, the average 
stain area, and the average impact angle on the cardstock target predicted by the physical models 
of [41, 42] were compared with experimental data and revealed reasonably good agreement. 













spattered blood by predicting the locations of the stain area corresponding to a 50% cumulative 
distribution and the geometric centroid of the spatter pattern. It should be emphasized that the 
proposed empirical formulae of Eqs. (7) and (8) have not been extensively tested against a 
variety of gunshot spatter patterns. However, they have originated from the experiments and 
predictions mentioned in this work which provides an initial step on the path towards 
quantitative crime scene reconstruction. 
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Figure 1. Schematic of the experimental setup used to generate backward spattered blood 
droplets impacting on a vertical substrate. Variables are dependent upon which experiment was 
conducted as specified in Table 1. The coordinate trihedron is located on the floor, with the X-
axis being parallel and coplanar (with respect to the Z-X plane) to the path of the bullet which 
was aimed at the target center 
 
 
Figure 2. Mathematical diagrams of the two problems for the reconstruction of trajectories in 















Figure 3. Average velocity of droplets splashed in backward spatter due to a gunshot as a 
function of time found from particle image velocimetry of a high-speed video [52]. The error 
bars represent standard deviation. The velocity is initially increasing because the continued 
acceleration of flying droplets due to the pulling effect of the aerodynamic wake of the leading 
















Figure 4. Number of stains on a vertical wall in the case of (a) a sharp bullet and (b) a blunt 
bullet. The red circles show the theoretical predictions and the triangles correspond to the 




Figure 5. Average stain area of droplets impacting onto a vertical wall for (a) a sharp bullet and 













Figure 6. Average impact angle relative to a vertical wall for (a) a sharp bullet and (b) a blunt 
bullet. Same notations as in Figs. 3 and 4. A value of 
o















Figure 7. Area corresponding to 50% of the cumulative distribution of area as a function of the 
vertical impact substrate distance. Panel (a) is for a sharp bullet and (b) for a blunt bullet. The red 
circles are the results of the theoretical codes and the black line a best fit function. 
 
 
Figure 8. Comparison between experiments and the numerical simulation of A50 for the sharp 
bullet case. The blue triangles represent experimental trials Rp41-Rp50, and Rp101 in Table I, 
















Figure 9. The geometric centroid bounded by small and large droplets corresponding to A50. 
Panel (a) is for a sharp bullet and (b) for a blunt bullet. The red bars are the result of the 














Table 1. Parameters of the experiments of different blood backward spatter situations. The 
variables are defined in Fig. 1, HP stands for the hollow point bullet, FMJ for the full metal 
jacket bullet, 
BloodV  for the volume of blood used in the target, and the blood source corresponds 
to either a soaked polyurethane foam (a) or a hollow cavity (b). For all experiments the bullet 
impacted the target normally. 
Experiment 
Number 
Bullet Substrate Blood Source   [cm] BloodV [mL] 
Rp11# FMJ Cardstock (a) 50 13 
Rp12# FMJ Cardstock (a) 50 13 
Rf13# HP Cardstock (a) 50 13 
Rf14# HP Cardstock (a) 50 13 
Rp41 FMJ Cardstock (b) 10 10 
Rp42 FMJ Cardstock (b) 30 10 
Rp43 FMJ Cardstock (b) 30 10 
Rp44 FMJ Cardstock (b) 30 10 
Rp45 FMJ Cardstock (b) 60 10 
Rp46 FMJ Cardstock (b) 60 10 
Rp47 FMJ Cardstock (b) 60 10 
Rp48 FMJ Cardstock (b) 120 10 
Rp49 FMJ Cardstock (b) 120 10 
Rp50 FMJ Cardstock (b) 120 10 















Table II. Parameters in the best fit correlation of Eq. (7), used for the stain area corresponding to 
50% of the cumulative distribution of area. The values within the parenthesis represent standard 
error and the last row is the coefficient of determination. 
 Sharp Bullet Blunt Bullet 
0A  0.269 (0.022) 0.190 (0.029) 
B 0.877 (0.046) 0.616 (0.042) 
C 75.219 (1.408) 86.481 (2.278) 
D 24.033 (1.657) 31.643 (3.166) 
R2 0.978 0.959 
 
Table III. Parameters in the best fit correlation of Eq. (8) used for the centroid locations 
YC . 
The values within the parenthesis represent standard error and the last row is the coefficient of 
determination. 
 Sharp Bullet Blunt Bullet 
0C  53.591 (4.319) 48.273 (5.973) 
F 184.433 (36.009) 162.898 (22.526) 
G 0.028 (0.006) 0.0190 (0.004) 
R2 0.937 0.946 
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